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As exemplified by the growing interest in the quantum anomalous Hall effect, the research on
topology as an organizing principle of quantum matter is greatly enriched from the interplay with
magnetism. In this vein, we present a combined electrical and thermoelectrical transport study
on the magnetic Weyl semimetal EuCd2As2. Topological Hall and topological Nernst effects were
observed in both the antiferromagnetic and the paramagnetic phase of EuCd2As2, indicating the
existence of significant Berry curvature. EuCd2As2 represents a rare case in which the topological
transverse transport emerges both in the presence and absence of long-range magnetic order in the
same material. The transport properties evolve with temperature and field in the antiferromagnetic
phase in a different manner than in the paramagnetic phase, suggesting different mechanisms to their
origin. Our results indicate EuCd2As2 is a fertile playground for investigating the interplay between
magnetism and topology, and potentially a plethora of topologically nontrivial phases rooted in this
interplay.
The last few decades have witnessed the effort of re-
searchers seeking unique insights into the physics of ma-
terials from the view of topology. When magnetism, the
most time-honored branch in condensed matter physics,
is incorporated into this view, novel phenomena are to
be expected. One notable manifestation is an additional
contribution to transverse transport effects. For example,
the topological Hall effect (THE) has been intensively
studied in systems exhibiting non-coplanar spin textures
with finite scalar spin chirality, such as skyrmions [1–11],
hedgehogs [12, 13], hopfions [14], merons [15], and mag-
netic bubbles [16]. Alternative to this real-space scenario,
THE has also been observed in systems with momentum-
space anomalies such as Weyl points near the Fermi level,
which carry significant Berry curvature that acts like an
effective magnetic field in the momentum space [17–23].
It has been demonstrated recently that the antiferro-
magnet EuCd2As2 with TN ∼ 9.5 K would be an ideal
candidate for the study of the interplay between mag-
netism and topology, as it exhibits various topological
orders in both the antiferromagnetic (AFM) and para-
magnetic (PM) phases [24–29]. In the AFM phase, de-
pending on the direction of the Eu magnetic moments,
various nontrivial topological ground states have been
predicted, such as magnetic topological Dirac semimetal,
or axion insulator, AFM topological crystalline insulator,
and higher order topological insulator [28]. When the
spins are aligned along the c axis by external magnetic
field, a single pair of Weyl points appears near the Fermi
level [26, 28]. In the PM phase, EuCd2As2 turns out to
be the first discovered centrosymmetric Weyl semimetal
where ferromagnetic spin fluctuations, instead of long-
range magnetic order, lift the Kramers degeneracy [25].
A rich H-T (magnetic field versus temperature) phase
diagram is thus expected for EuCd2As2 [24, 26–28]. Pro-
found insights into the interplay between magnetism and
topology, from the exploration of this phase diagram in
the context of topological transport, can be reasonably
foreseen and, thus, such a transport study is highly de-
sired.
Thermoelectrical transport can provide additional in-
formation than electrical transport, as it is usually more
sensitive to the Berry curvature near the Fermi level [30].
As a thermoelectrical counterpart of the THE, the topo-
logical Nernst effect (TNE) has only been reported in few
systems [21, 22, 31–33]. Linked to each other by the Mott
relation [32], the observation of a large THE, however,
does not guarantee a large TNE [31, 34]. Here, we present
a systematic study of the electrical and thermoelectrical
transport properties of EuCd2As2. The observation of
THE and TNE in the PM phase in EuCd2As2 represents
a rare case of topological transverse transport beyond
the ordinary and conventional anomalous contribution
in the absence of long-range magnetic order. In the PM
phase, both positive and negative THE and TNE were
observed and attributed to the fluctuating Weyl points
near the Fermi level. In the AFM phase, the THE and
TNE evolve with field and temperature in a qualitatively
different manner compared to that in the PM phase, and
their origins may be attributed to a concerted effort from
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2the real-space and momentum-space scenarios contribut-
ing to the Berry curvature.
Single crystals of EuCd2As2 were grown by a Sn flux
method [25]. The single crystals were cut and polished
into a rectangular shape, with the largest natural plane
being the ab plane. Magnetic fields µ0H (µ0 being the
vacuum permeability) up to 9 T were applied along the c
axis, while electrical and thermal currents, and the mea-
sured voltage drops were all in the ab plane. Magneti-
zation and electrical transport measurements were per-
formed in a Quantum Design magnetic property mea-
surement system (MPMS) and a physical property mea-
surement system (PPMS), respectively, while thermo-
electrical transport measurements were performed with
a home-built probe integrated to the PPMS. The tem-
perature gradient in the sample was held at ∼ 3 % of the
sample temperature and was measured with Cernox ther-
mometers, while the voltage was measured using nano-
voltmeters.
The magnetic field dependence of the magnetization
M , longitudinal resistivity ρxx, Hall resistivity ρxy, and
Nernst signal Sxy of EuCd2As2 for different temperatures
are shown in Fig 1. Anomalies in the low field region are
already evident in these isotherms without further pro-
cessing. For transverse transport ρxy and Sxy, the most
prominent feature is the presence of low-field peaks su-
perimposed on a (quasi-) linear background. Both the
associated field scale and amplitude of the peaks exhibit
a strong variation with temperature. For each isotherm,
the empirical relation ρxy = ρ
O
xy + ρ
A
xy + ρ
T
xy = R0µ0H
+ SHρ
2
xxM + ρ
T
xy were applied to separate the different
contributions to ρxy. The additivity of the above rela-
tion holds for ρxy  ρxx [4], which is the case here in
EuCd2As2 [Fig. 1(b) and (c)]. Here, R0 and SH are
constants for a given isotherm, and the three terms in
the relation are the ordinary, conventional anomalous,
and topological Hall contribution, respectively. The form
of ρAxy used here assumes the domination of the intrin-
sic mechanism for the conventional anomalous Hall ef-
fect [35, 36]. Assuming instead a skew scattering domi-
nated ρAxy barely affects the results (see Sec. II in the Sup-
plemental Material [37]). This decomposition procedure
is shown in Fig. 2(a), and the derived THE term ρTxy are
shown in Fig. 2(b). The Nernst conductivity αxy is ob-
tained using αxy = σxxSxy + σxySxx + σxxκH/κ [33, 38],
where Sxx is the Seeback signal (see Fig. S1), κH is
the thermal Hall, and κ is the thermal conductivity (see
Sec. III in the Supplemental Material [37]). As shown
in Fig. 2(c), we employ similar procedure as that for ρxy
to αxy [33]: αxy = α
O
xy + α
A
xy + α
T
xy = Q0µ0H + QsM
+ αTxy, with Q0 and Qs being constants for a specific
isotherm. The resulting isotherms of the TNE term αTxy
are shown in Fig. 2(d). The temperature dependence of
the amplitude of the positive and negative peaks of ρTxy
and αTxy are summarized in Fig. 3(a). The peak posi-
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FIG. 1. The magnetic field dependence of the (a) magne-
tization M , (b) resistivity ρxx, (c) Hall resistivity ρxy, and
(d) Nernst signal Sxy of EuCd2As2 for selected temperatures.
The ρxx isotherms are symmetrized while the ρxy and Sxy
isotherms antisymmetrized. The inset of (b) illustrates the
locations of a single pair of Weyl points (W1 and W2) in the
Brillouin zone.
tions at different temperatures are superimposed on the
contour plot of ρTxy in Fig. 3(b), forming a rich H − T
phase diagram of EuCd2As2 covering both the AFM and
PM phase. Apart from a bifurcation of peak positions at
low temperatures [Fig. 3(b)], the electrical and thermo-
electrical transport properties are consistent and, thus,
corroborate each other.
Considering the observations in Figs. 2(b) and 2(d),
and in Figs. 3(a) and 3(b), it is clear that both ρTxy and
αTxy exhibit a two-stage evolution, i.e., they evolve in a
qualitatively different manner in the AFM phase com-
pared to in the PM phase: (i) The field scale associated
with the positive peak decreases with increasing tempera-
ture in the AFM phase while it increases in the PM phase.
As a result, the field scale of the 10 K (slightly above
TN ) isotherm is the smallest among all the isotherms (ii)
The width of the positive peak decreases with increas-
ing temperature in the AFM phase while it increases in
the PM phase (iii) The amplitude of the positive peak
decreases with increasing temperature both in the AFM
and PM phase, but there is a sudden increase around TN ,
such that the 10 K isotherm exhibits a peak amplitude
larger than any of the isotherms in the AFM phase (iv)
The negative peak is only observed in the PM phase. As
temperature increases in the PM phase, the positive peak
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FIG. 2. (a,c) The decomposition procedure of the Hall resistivity ρxy and Nernst conductivity αxy into different components,
exemplified by the lowest temperature isotherm. (b,d) The magnetic field dependence of the topological Hall resistivity ρTxy
and the topological Nernst conductivity −αTxy for selected temperatures. The isotherms are shown for µ0H ≤ 5 T, since they
are basically featureless at higher fields. The inset of (b) shows an enlarged view of the positive peak on the ρTxy isotherms in
the antiferromagnetic phase. The blue arrow tracks the evolution of the peak with increasing temperature.
gradually gives way to a negative peak All these obser-
vations indicate different origins of the THE and TNE in
the AFM and PM phase.
We first discuss the THE and TNE in the PM phase.
A combined study of angle-resolved photoemission spec-
troscopy and first-principles calculation identified a pair
of Weyl points near the Fermi level along the Γ−A high
symmetry line in EuCd2As2 [see the inset of Fig. 1(b)],
whose origin was attributed to the effective time-reversal-
symmetry breaking by quasi-static and quasi-long-range
ferromagnetic fluctuations [25]. Since Weyl points are
sources of Berry curvature in the momentum space, they
are expected to give rise to THE and TNE, as in the
case of both the THE and TNE in Mn3Sn [19, 31] (for
T ≥ 20 K, at lower temperatures a real-space mecha-
nism sets in [39]), Cd3As2 [20, 21], and ZrTe5 [22], the
THE in GdPtBi [23], YbPtBi [40], and Mn3Ge [41], and
the TNE in TaAs [42], TaP [42], and NbP [43]. The
THE and TNE reported up to date are mostly observed
in the presence of long-range magnetic order or applied
magnetic field. In GdPtBi, although a finite THE above
TN was observed, it necessitates the application of a fi-
nite magnetic field to break the combined time-reversal
and lattice symmetries [23]. In nonmagnetic topological
semimetals Cd3As2, ZrTe5, TaAs, TaP, and NbP, a finite
magnetic field is also required to split the Dirac point
into Weyl points, or to tune the Weyl points close to the
Fermi level [20–22, 42, 43]. In contrast, in the PM phase
of EuCd2As2, as the time-reversal symmetry is broken
by spin fluctuations, the Weyl points are already lying
in the vicinity of the Fermi level even at zero field [25].
In principle, the PM phase of EuCd2As2 represents an
uncommon case where neither long-range magnetic order
nor applied magnetic field is needed to promote the topo-
logical transverse transport, although experimentally no
spontaneous transverse signal was observed at zero field,
probably due to its small value (see Sec. V in the Supple-
mental Material [37]). In the chiral spin liquid Pr2Ir2O7,
THE was observed without magnetic order or external
field [44], but only for T ≤ 1.5 K. By contrast, we could
identify the THE and TNE up to at least 40 K in the
PM phase of EuCd2As2. Furthermore, EuCd2As2 is a
rare case in which the THE and TNE can be observed
both in the presence and absence of long-range magnetic
order in the same material. THE across TN was also ob-
served in GdPtBi and YbPtBi [23, 40]. However, there
the THE gets diminished monotonically with increasing
temperature, with no anomaly around TN , pointing to a
single underlying mechanism at all temperatures [23, 40],
as opposed to the two-stage behavior in EuCd2As2.
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FIG. 3. (a) Temperature dependence of the absolute values
of ρTxy (blue squares, left axis) and α
T
xy (red circles, right axis)
at the positive peak (open symbols) and negative peak (filled
symbols). The vertical dashed line separates the antiferro-
magnetic and the paramagnetic phase. (b) The H-T (mag-
netic field versus temperature) phase diagram of EuCd2As2.
The colors represent the magnitude of the topological Hall
resistivity ρTxy. The Ne´el temperatures TN are extracted from
susceptibility measurements (see Fig. S1). The positions of
the positive and negative peaks of ρTxy (upper and lower tri-
angles) and −αTxy (left and right triangles) are also superim-
posed.
Another notable feature of the THE and TNE in the
PM phase of EuCd2As2 is the coexistence of positive and
negative values. The possible mechanism of this is dis-
cussed in Sec. VI in the Supplemental Material [37]. The
fact that the THE and TNE of both signs were observed
in the PM phase, and that they originate from Weyl
points induced by spin fluctuations present already at
zero field, give EuCd2As2 in its PM phase a unique place
among magnetic topological materials.
We now turn to the THE and TNE in the AFM phase.
It was proposed that EuCd2As2 exhibits an A-type AFM
structure, in which the spins form ferromagnetic layers
which stack antiferromagnetically along the c axis [45–
47]. At zero field, the moments lie in the ab plane. When
a finite external magnetic field aligns the moments along
the c axis, a pair of Weyl points along the Γ − A line
emerge associated with the restoration of the C3 sym-
metry [24, 26–28], giving rise to the THE and TNE.
Although this mechanism of Weyl points giving rise to
THE and TNE appears similar to the case of the PM
phase, the two-stage evolution calls for a more complex
picture: a) If there is only the momentum-space sce-
nario of Weyl points at play in the AFM phase, the re-
sultant Berry curvature must be different than that in
the PM phase, due to the interplay with the long-range
AFM order. This interplay gradually fades away accom-
panied by the disappearance of the folded bands in the
AFM phase with increasing temperature [28] in the AFM
phase. Around TN , the mechanism of spin fluctuation in-
duced Weyl points sets in, leading to a discontinuity in
the peak amplitude of THE and TNE across TN [Fig.
3(a)]. b) There are features that cannot be explained
solely by the Weyl points mechanism, hinting at other
mechanisms at play. For example, at 2 K, the magnetic
field needed to align the spins along the c axis as seen in
the magnetization is ∼ 2 T, while the THE peaks around
0.4 T. In fact, the AFM portion of the phase diagram
shown in Fig. 3(b) strongly resembles that of systems
with a real-space scenario induced THE. For instance,
in Gd2PdSi3, a skyrmion lattice phase is sandwiched by
two incommensurate spin-state phases, and a finite ρTxy
can only be observed in the skyrmion lattice phase [11].
The ρTxy peak also exhibits an amplitude, field scale, and
width that decrease with increasing temperature [11], as
is the case in the AFM phase of EuCd2As2. Based on
our results alone, a contribution from a real-space sce-
nario can neither be pinned down nor excluded in the
AFM phase of EuCd2As2 [48]. The genuine magnetic
structure of EuCd2As2 under magnetic field could be
complex, considering the sizable frustration in this mate-
rial [25]. In view of the technical difficulty in performing
neutron diffraction measurement on EuCd2As2 [45], real-
space probes such as Lorentz transmission electron mi-
croscopy are required to search for potential spin textures
with finite chirality. We note that the AFM topological
insulator MnBi2Te4, which also exhibits frustration and
an A-type AFM order with triangular layers of magnetic
atoms, has been recently predicted to realize a skyrmion
phase under magnetic field [49].
Finally we compare the magnitude of the THE and
TNE in EuCd2As2 with other systems. In a real-
space scenario, the |ρTxy|max ∼ 20 µΩ cm reported here
in EuCd2As2 is significant, as compared to, e.g., the
so-called giant THE in Gd2PdSi3 with |ρTxy|max ∼ 3
µΩ cm [11]. In a momentum-space scenario, it is more
appropriate to compare the magnitude of σTxy and the
topological Hall angle ΘTH = σ
T
xy/σ
T
xx [18]. The |σTxy|max
∼ 1 Ω−1 cm−1 and |ΘTH |max ∼ 0.01 (see Sec. IV in the
Supplemental Material [37]) reported here in EuCd2As2
5Compound
|αTxy/T |max
(10−2 A K−2 m−1)
Origin
EuCd2As2 (AFM) 0.8 [This work] k-space (+ r-space?)
EuCd2As2 (PM) 0.7 [This work] k-space
Mn3Sn 0.2 [31] k-space
Gd2PdSi3 3.5 [32] r-space
MnGe 2.3 [33] r-space
MnSi 0.3 [32] r-space
TABLE I. Comparison of the magnitude of the topo-
logical Nernst effect in various materials. k-space
stands for a momentum-space scenario, while r-space stands
for a real-space scenario. In Mn3Sn, the topological Nernst
effect mentioned here is referred to as anomalous Nernst effect
in the literature, see Footnote [17].
are comparable to the values estimated from a previous
study [26], and are one order of magnitude smaller than
that in GdPtBi [23]. In Table 1, we compare the TNE
|αTxy/T |max in several systems and their origins. It is
worth noting that the TNE in EuCd2As2 is larger than
the Weyl-point-induced TNE in Mn3Sn [31].
The ample features in the transport and the conse-
quent rich phase diagram put strong constraints on the
theoretical description of EuCd2As2. For example, in
certain cases the contribution to the transverse transport
generated by a pair of Weyl points is proportional to the
distance between them [50]. The applicability of this
relation in EuCd2As2 was briefly discussed in Ref. [26].
Theory should capture how the distance is varied with
temperature and field to reproduce the phase diagram
as observed here [51]. Such studies are expected to pro-
vide exciting insights, considering how a variety of topo-
logically nontrivial phases have been predicted already
at zero field [28]. The traversal among these, and con-
ceivably more, topologically nontrivial phases, may also
be achieved by symmetry-breaking perturbations other
than applied magnetic fields, leaving room for the ex-
ploitation of more diverse means of tuning [43, 52, 53].
As an intriguing example, a gate-controllable topologi-
cal phase transition between quantum anomalous Hall
and time-reversal symmetry broken quantum spin Hall
states has been recently predicted in quintuple-layer
EuCd2As2 [52].
In summary, our electrical and thermoelectrical trans-
port measurements on EuCd2As2 produce highly consis-
tent results: topological Hall effect and and topological
Nernst effect are revealed both below and above the an-
tiferromagnetic ordering temperature TN . The topologi-
cal terms are most likely associated with the Weyl points
near the Fermi level, both below and above TN , although
in the former case a contribution from topological real-
space spin textures may also need to be invoked. The
existence of a topological term above TN is in itself un-
common. Moreover, the two-stage evolution of the topo-
logical term in the antiferromagnetic and in the paramag-
netic phase hints at their different mechanism originating
from the interplay of magnetism and topology.
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